Many environmental factors during the pre-or postnatal period can affect an individual's cognitive function and neural development throughout life. Little is known, however, about the combined effects of the pre-and postnatal environments on cognitive function of adult offspring and structural alterations in the adult brain. In this study, we confirmed that pre-or postnatal stress impaired learning and memory performance of rats. Conversely, pre-or postnatal enriched housing improved behavioral performance. These experience-dependent behavioral alterations were consistent with changes in 5-bromo-2'-deoxyuridine-labeled cell number in the granule cell layer of the hippocampus and in the expression level of synaptic markers such as neuronal cell adhesion molecule and synaptophysin, and expression of a neurotrophic factor, brain-derived neurotrophic factor. Postnatal stress appeared to have no influence on cell proliferation, however. We did find that postnatal environment could attenuate prenatal effects partly via a longitudinal cross-housing study, in which pups born to mothers housed under enriched conditions were reared under stressful conditions and vice versa. These results suggest that postnatal environmental manipulations can counteract the cognitive alterations in early adulthood and the structural changes in the young adult brain induced by prenatal experience.
Grouping
Pregnant Sprague-Dawley rats weighing 250-280 g were randomly distributed into three experimental groups-stressful, enriched, and control conditions-and were kept for 15-17 days under these three conditions before pups were delivered. Male pups born to mothers housed under stressful or enriched conditions were kept under control conditions for 62 or 90 days. Male pups born to mothers housed under control conditions were sorted and housed under stressful, enriched, or control conditions. All pups were transferred immediately after birth. At that time, to avoid the effects of maternal behavior and to maintain the original character of the host litter, the dams in each condition were redistributed to the same or other conditions, and no more than three pups were fostered into or from any one litter. The offspring of all groups were weaned on day 21 after birth. We designated the adult offspring group housed under control conditions before and after birth as the CC group; the adult offspring born to mothers housed in the enriched environment but housed under control conditions after birth as the EC group; the adult offspring born to stressed mothers but housed under control conditions after birth as the SC group; the adult offspring born to mothers housed under control conditions but kept in an enriched environment after birth as the CE group; and the adult offspring born to mothers housed under control conditions but kept in stressful conditions after birth as the CS group (Fig. 1 ).
Cross-housing study
We designed a longitudinal cross-housing study in which pups born to stressed mothers were reared in enriched conditions, and vice versa. We designated the adult offspring group housed in an enriched environment before and after birth as the EE group; the adult offspring born to mothers housed in an enriched environment but housed under stressful conditions after birth as the ES group; the adult offspring born to stressed mothers but housed in an enriched environment after birth as the SE group; and the adult offspring housed under stressful conditions before and after birth as the SS group (Fig. 1) . These groups were also evaluated by means of the Y-maze test, Water-maze test, Western blot analysis, and ELISA for brain-derived neurotrophic factor (BDNF).
5-Bromo-2'-deoxyuridine (BrdU) injections
BrdU (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9% NaCl and was filtered (22 µm) under sterile conditions. BrdU is incorporated into genetic materials on mitotic division, after which it can be detected immunohistochemically in daughter cells. Eight 58-day-old rats from each group received a daily i.p. injection (50 mg/kg of body weight at a concentration of 10 mg/ml) of BrdU for 5 consecutive days. Four BrdU-injected rats (63 days old) from each group were killed and perfused for BrdU labeling. The four remaining animals were allowed to survive for 4 weeks after the last BrdU injections under their respective experimental conditions and underwent perfusion for BrdU labeling at 90 days.
Y-maze task
During the last 8 days of the postnatal housing period, we assessed the spatial working memory performance of seven or eight non-BrdU-injected rats (n = 7 or 8) from each group by using a Ymaze (21) . The apparatus was a black plastic maze with three identical arms. Each arm was 80 cm long, 35 cm high, and 15 cm wide, and it converged at an equal angle. Each rat was placed at the end of one arm and allowed to move freely through the maze during a 10-min session. The series of arm entries, including possible returns into the same arm, was recorded visually. An arm entry was defined as placement of all paws on the maze arm. Three consecutive entries into three different arms were considered an alternation. The percentage of alternations was determined by dividing the total number of alternations by the total number of entries minus two (22).
Morris water maze task
Two days after the Y-maze trial, we assessed the learning ability of the adult offspring (n = 7 or 8) by using a Morris water maze. The experimental apparatus-a circular pool, 140 cm in diameter and 45 cm high-was filled with water made opaque by adding dry milk powder to water at 21-23°C. The maze was located in a laboratory that contained prominent cues other than the maze (e.g., pictures and posters). Animals were required to find a submerged (2 cm) platform (15 cm in diameter and 35 cm high) in the pool by using the spatial cues (23) . The two starting points were changed daily. Spatial training consisted of five sessions (two trials per session per day) during which the platform was left in the same position. In each training session, the latency to escape onto the hidden platform was recorded. Rats that failed to find it within 90 s were designated as having a 90-s latency and were allowed to rest on the platform for 45 s. Data collection was automated by use of a video image motion analyzer (Ethovision, Noldus Information Technology, Wageningen, The Netherlands).
Tissue preparation
Rats (four rats per group) were deeply anesthetized with chloral hydrate (400 mg/kg i.p.) and were perfused transcardially with 200 ml of PBS, pH 7.4, containing heparin (5 × 10 4 U/ml), followed by 300 ml of 4% paraformaldehyde in 0.1 M of phosphate buffer, pH 7.4 (PB). The brains were removed, postfixed for 24 h in 4% paraformaldehyde-PB, and then transferred into 30% sucrose and kept there until they sank. Adjacent 30-µm sections were cut on a sliding microtome and were stored at −20°C in a cryoprotective buffer containing 25% ethylene glycol, 25% glycerin, and 0.05 M PB until the sections were processed for immunohistochemistry or immunofluorescence.
Immunohistochemistry
For BrdU labeling, free-floating sections were treated with 1% H 2 O 2 in 10% ethanol for 30 min to block endogenous peroxidase. After the sections were washed, they were treated with 2 N HCl for 1 h at 37°C to denature DNA and were then rinsed in borate buffer for 15 min (0.1 M, pH 8.4). They were preincubated in PBS containing 0.3% Triton X-100 and 2% bovine serum albumin (blocking solution) for 30 min, and then they were incubated, with shaking, overnight at 4°C in mouse monoclonal anti-BrdU antibody (1:500 in PBS; Roche, Mannheim, Germany). Next, the sections were incubated for 1 h with biotinylated secondary anti-mouse IgG antibodies (1:200; Vectastain Elite ABC, Vector Laboratories, Burlingame, CA) for 1 h at room temperature. The sections were incubated for 1 h in avidin-biotin-peroxidase complex (Vectastain Elite ABC), followed by peroxidase detection with 3,3'-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich) as a chromogen (0.05% 3,3'-diaminobenzidine, 0.01% H 2 O 2 in PBS). Sections were dehydrated through a series of graded alcohols, cleared in xylene, and covered with a coverslip in permanent mounting media (Vector Laboratories). Peroxidasestained sections were examined with a light microscope (Olympus BX-60, Olympus Optical, Tokyo, Japan).
Immunofluorescence and confocal microscopy
The phenotype of cells from newly born pups was examined by double-labeled immunohistofluorescence. Sections were treated for DNA denaturation as described above, followed by incubation in blocking solution for 30 min. Then, sections were incubated with rabbit anti-calbindin D28k (1:1000; Chemicon International, Temecula, CA) and mouse antiBrdU antibody (1:500; Roche) overnight at 4°C. Calbindin D28k was detected with a Cy2-conjugated donkey anti-rabbit IgG antibody (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA); BrdU was detected with a Cy3-conjugated donkey anti-mouse IgG antibody (1:200; Jackson ImmunoResearch Laboratories). Sections were mounted in antifade medium (fluorescent mounting medium containing 15 mM NaN 3 ; Dako, Carpinteria, CA) on glass slides with coverslips. Fluorescence was detected by using a confocal laser scanning microscope (Axiovert 100 M, Zeiss, Oberkochen, Germany) equipped with a krypton-argon laser (LSM 510). Sections were optically sliced in the z plane by using 1.0-µm intervals. Images (512 × 512 pixels) presented here were taken from one optical slice and were processed by using Adobe Photoshop (Adobe Systems, Mountain View, CA).
Cell counting
A modified unbiased stereology protocol was used that has been reported to quantitate BrdU labeling successfully (24) (25) (26) (27) . Two major considerations in stereological analyses are that no BrdU-labeled cells be counted twice and that the area counted be consistent in each section. BrdU-immunoreactive nuclei were counted in every 12th section throughout the rostral/caudal extent of the dorsal hippocampus. The sections (30 µm) were spaced at least 360 µm apart. Use of this spacing ensures that the same neuron will not be counted in two sections. The numbers of BrdU-labeled cells were examined in the entire granule cell layer (GCL) of eight DAB-stained sections per rat at a magnification of 400 ×; cells in the uppermost focal plane were ignored to avoid counting cell caps, and focusing was through the thickness of the section to avoid errors caused by oversampling. If cells were touching or were present in the subgranular zone (SGZ) of the GCL, the cells were counted. Cells that were located more than two cells away from the SGZ were not counted (25, 27, 28) . The total number of BrdU-labeled cells per section was determined and multiplied by 12 to report the total number of cells per GCL (24) (25) (26) (27) .
For immunofluorescent analysis, GCL cells immunoreactive to both calbindin D28k and BrdU were counted in a section. The numbers of neurons positive for only calbindin D28k or BrdU were also counted. Neuronal distribution was expressed as the percentage of double-labeled cells of all the BrdU-positive cells. At least six sections per rat were subjected to confocal analysis for verification of colocalization within the GCL.
Western blotting for neuronal cell adhesion molecule (NCAM) and synaptophysin (SYP)
After rapid decapitation, brains were removed and placed on ice. Pieces of similar size were dissected from the cortex and the hippocampus. The tissue was immediately placed in 1.0 ml of ice-cold 20 mM Tris buffer (pH 8.0) containing 150 mM NaCl, 1% NP-40, 10 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride (PMSF), together with protease inhibitor cocktail (25× in 0.1 M PB, pH 7.0; Roche) and was homogenized. The homogenates were centrifuged at 10,000g (30 min, 4°C), and supernatants were stored at −80°C for further analysis. The concentration of protein in the homogenate was measured by using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA). Equivalent amounts of proteins (per lane, 30 µg of NCAM and 10 µg of SYP) were separated by 6% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for NCAM or 15% SDS-PAGE for SYP and then were semi-dry blotted onto a Hybond-C super (Amersham Pharmacia Biotech, Buckinghamshire, UK) membrane. Equal loading and transfer were checked by using ponceau S (Sigma-Aldrich) and Coomassie blue (Bio-Rad). Blots were probed with anti-SYP (1:2000; Sigma-Aldrich) or anti-NCAM (1:5000; Chemicon) for 90 min at room temperature, followed by horseradish peroxidase-coupled secondary antibody (goat anti-rabbit or goat anti-mouse, both at 1:2000, for 1 h at room temperature) and detection via enhanced chemoluminescence (ECL; Amersham Pharmacia Biotech). The intensity of immunoreactive bands of interest was quantified as optical density (OD) by using densitometric scanning analyses (MCID Imaging Research, Ontario, Canada). The OD values were calculated by subtracting the background OD value from the measured OD of the bands.
ELISA for BDNF
BDNF protein was quantified by using an ELISA kit (Emax Immunoassay, Promega, Madison, WI), according to the manufacturer's protocol. ELISA, performed in triplicate, used 96-well plates (Nunc, MaxiSorp, Rochester, NY) that were coated with carbon coating buffer (25 mM sodium bicarbonate and 25 mM sodium carbonate, pH 9.7) containing anti-BDNF monoclonal antibody (1:1000) and kept at 4°C overnight without shaking. Bilateral tissues from the cortex or the hippocampus were homogenized in 20 mM Tris buffer (pH 8.0) containing 137 mM NaCl, 1% NP-40, 10% glycerol, 10 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 mM PMSF.
Homogenates were centrifuged at 14,000g (30 min, 4°C). On the day of the assay, BDNF standards and undiluted homogenates were blocked with block and sample buffer supplied by the manufacturer without shaking for 1 h at room temperature, after which they were incubated in the precoated ELISA plates with shaking for 2 h at room temperature. A standard curve was generated for each plate by using a BDNF standards dilution series (0-500 pg/ml). After the incubation, anti-human BDNF polyclonal antibody (1:500) was applied with shaking for 2 h at room temperature. Next, anti-IgY horseradish peroxidase conjugate (1:200) was applied with shaking for 1 h at room temperature, followed by five washes. For colorimetric detection, homogenates were incubated for 10 min at room temperature with tetramethylbenzidine substrate (Promega) and peroxidase substrate. The enzymatic reaction was stopped with 1 N HCl. OD was measured at 450 nm by using an automated microplate reader (Molecular Devices, Sunnyvale, CA).
Statistical analyses
Results are presented as means ± SE. All statistical analyses were performed with StatView statistical software (SAS Institute, Cary, NC). For all comparisons of Y-maze, stereological data, and protein quantification data, one-way ANOVA was performed, followed by Tukey's test as post-hoc analysis for further examination of group differences. Water maze data were analyzed by two-way ANOVA, followed by Tukey's post-hoc test.
RESULTS

Experiment 1: pre-or postnatal effects of stress and an enriched environment in longitudinal housing conditions
Pre-or postnatal effects of stress and an enriched environment on learning and memory performance A significant group difference was found for the Y-maze tests (n = 7 or 8, F 4,32 = 14.70, P<0.001, one-way ANOVA) ( Fig. 2A) . A post-hoc analysis via the Tukey test revealed that the EC and CE groups showed significantly more spontaneous alternation behavior than did the CC group (P<0.05 and P<0.01, respectively), whereas the SC and CS groups showed significantly less alternation behavior than did the CC group (P<0.05). The number of arm entries did not differ among the five groups (F 4,32 = 0.5609, P = 0.6928), which indicates that the changes in behavior were not due to generalized exploratory, locomotive, or motivational effects.
We also tested spatial learning and memory abilities in the water maze to verify the effect of the housing condition on cognitive function. In the water maze task, a significant group difference was observed throughout the five learning sessions (n = 7 or 8, group effect, F 4,365 = 11.991, P<0.001; day effect, F 4,365 = 128.564, P<0.001; group × day interaction effect, F 16,365 = 1.893, P<0.05, two-way ANOVA, Fig. 2B) . A post-hoc analysis revealed that the EC group had a significantly shorter latency than did the CC group (fourth session, P<0.05) and that the CC group had a significantly shorter latency than did the SC group (third session, P<0.05). The CE group had a significantly shorter latency than did the CC group (first, second, and fourth sessions, P<0.05), and the CS group had a significantly shorter latency than did the SS group (second and third sessions, P<0.05).
Pre-or postnatal effects of stress and an enriched environment on cell proliferation, survival, and differentiation in the GCL Proliferation of progenitor cells in the GCL was addressed by staining for BrdU-positive cells 1 day after the last injection of BrdU. At this time point, proliferating cells were localized to the SGZ and often appeared in clusters. Mitotic figures were also evident in sections from every animal (Fig. 2C) . One-way ANOVA revealed a significant group difference (n = 4, F 4,76 = 44.16, P<0.001) (Fig. 2O) . Post-hoc analyses showed that the number of BrdU-positive cells in the EC and CE groups increased compared with that in the CC group (EC, P<0.05; CE, P<0.001) (Fig.  2E, F, H) . In contrast, the number of BrdU-positive cells in the SC group decreased compared with that in the CC group (P<0.05) (Fig. 2G) . However, there was no difference in the number of BrdU-positive cells between the CS and CC groups (Fig. 2I) . Survival of the progeny of dividing progenitor cells can be addressed by staining for BrdU-positive cells 4 weeks after the last injection of BrdU. At this time point, mature cells were found throughout the GCL and appeared ovoid or round (Fig. 2D) . One-way ANOVA revealed a significant group difference (n = 4, F 4,15 = 20.19, P<0.001) (Fig. 2P) . Similar to the pattern for the proliferation of cells, a post-hoc analysis showed that the number of BrdU-positive cells in the EC and CE groups increased compared with that in the CC group (both, P<0.05) (Fig. 2J, K, M, P) . In contrast, the number of BrdU-positive cells in the SC group decreased compared with that in the CC group (P<0.01) ( Fig. 2L, P) . However, there was no difference in the number of BrdU-positive cells in the CS and CC groups ( Fig. 2N, P) .
Cell differentiation
Differentiation of the surviving BrdU-positive cells was examined 4 weeks after the last BrdU injection by determining the phenotypes into which surviving BrdU-positive cells had been differentiated by means of immunofluorescent double-labeling for BrdU and the neuronal marker calbindin D28k (Fig. 3) . Confocal microscopy revealed that the majority of BrdU-positive cells were neuronal (63-75%) in each group. In particular, the CE group had a significantly higher percentage of BrdU-positive cells that colabeled for calbindin compared with the CC group (Table 1) .
Pre-or postnatal effects of stress and an enriched environment on synaptic density or synaptic survival
We examined the expression levels of two independent synaptic markers, NCAM (29) (30) (31) and SYP (32, 33) , in the cortex and the hippocampus of adult offspring. Synaptic indices or synaptic measures were evaluated in rats via Western blots (34) . Significant group differences of immunoreactivity (ODs) were observed in two isomers (140 and 180 kDa) of NCAM, which play important roles in synaptic contacts and functions (35) , in both the cortex (n = 6, F 4,25 = 25.86, P<0.001 for the 180-kDa isomer; F 4,25 = 13.84, P<0.001 for the 140-kDa isomer, one-way ANOVA) (Fig. 4A, C) and the hippocampus (n = 6, F 4,25 = 3.402, P<0.05 for the 180-kDa isomer; F 4,25 = 5.095, P<0.01 for the 140-kDa isomer) (Fig. 4B, D) . There were no significant group differences for 120-kDa NCAM immunoreactivity in both cortex and hippocampus (F 4,25 = 1.315, P = 0.2916 in the cortex; F 4,25 = 1.100, P = 0.3783 in the hippocampus). Additional post-hoc analyses revealed that the EC group showed significantly higher levels of NCAM immunoreactivity than did the CC group in the cortex (P<0.01 for 180-kDa NCAM; P<0.05 for 140-kDa NCAM). Likewise, the CE group appeared to have significantly higher levels of 180-kDa NCAM immunoreactivity than did the CC group (P<0.05; not significant for 140-kDa NCAM, P = 0.1418). In contrast, the SC and CS groups showed significantly lower levels of both 180-and 140-kDa NCAM immunoreactivity than did the CC group in the cortex (P<0.05). In the hippocampus, the EC and CE groups showed significantly higher levels of both 180-and 140-kDa NCAM immunoreactivity than did the CC group (P<0.05). In contrast, the CS group appeared to have significantly lower levels of 140-kDa NCAM immunoreactivity than did the CC group (P<0.05; not significant for 180-kDa NCAM). There were no significant differences between the SC and CC groups for both 180-and 140-kDa NCAM in the hippocampus.
We also found the significant group differences in SYP immunoreactivity in both the cortex (n = 5, F 4,20 = 5.394, P<0.01) (Fig. 4E, G) and the hippocampus (n = 7, F 4,34 = 5.201, P<0.01) (Fig.  4F, H) . A post-hoc analysis revealed that the EC and CE groups showed significantly higher levels of SYP immunoreactivity than did the CC group (both, P<0.05) in the cortex. Similarly, in the hippocampus, the EC and CE groups showed significantly higher levels of SYP immunoreactivity than did the CC group (both, P<0.05). The level of SYP immunoreactivity of the SC group was lower than that of the CC group in the hippocampus (P<0.05). The CS group in the cortex also showed lower immunoreactivity than did the CC group, but the difference was not significant (P = 0.1044).
Pre-or postnatal effects of stress and an enriched environment on expression of BDNF Significant group differences in BDNF protein levels were observed in the cortex (F 4,74 = 9.284, P<0.001) (Fig. 5A ) and in the hippocampus (F 4,50 = 8.904, P<0.001) (Fig. 5B) . Post-hoc analyses confirmed significant differences in BDNF expression among the experimental groups in the cortex and the hippocampus. In the cortex, the EC and CE groups showed increased BDNF levels compared with the CC group (both, P<0.05). The SC and CS groups showed decreased BDNF levels compared with the CC group (P<0.01, SC; P<0.05, CS). In the hippocampus, the EC and CE groups also showed significantly increased BDNF levels compared with the CC group (both, P<0.05). The BDNF level of the CS group also was decreased compared with the CC group (P<0.05). The BDNF level of the SC group was not significantly different from that of the CC group.
Experiment 2: effects of pre-and postnatal environments in cross-housing groups
Effects of pre-and postnatal environments on learning and memory performance in crosshousing groups A significant group difference was found for the Y-maze tests (n = 10 or 11 per group, F 3,36 = 3.842, P<0.05) (Fig. 6A) . A post-hoc analysis revealed that the EE group showed significantly more alternation behavior than did the ES group (P<0.05) and that the SE group showed significantly more alternation behavior than did the SS group (P<0.05). However, no significant difference was observed between the EE and SE groups or between the ES and SS groups (P>0.05). The number of arm entries did not differ among the five groups (F 3,36 = 1.037, P = 0.3880), which indicates that the changes in the behavior were not due to generalized exploratory, locomotive, or motivational effects.
In the water maze task, a significant group difference was observed throughout the five learning sessions (n = 7 or 8, F 3,275 = 14.20, P<0.001; day effect, F 4,275 = 83.24, P<0.001; group × day interaction effects, F 12,275 = 1.089, P = 0.3695, two-way ANOVA) (Fig. 6B) . Consistent with the behavioral changes in the Y-maze, the EE group had a significantly shorter latency than did the ES group (first and fifth sessions, P<0.05; third and fourth sessions, P<0.01), and the SE group had a significantly shorter latency than did the SS group (fourth session, P<0.05). The EE group had a significantly shorter latency than did the SE group (fourth session, P<0.05), and the ES group had a significantly shorter latency than did the SS group (second session, P<0.05).
Effects of pre-and postnatal environments on synaptogenesis and synaptic survival in crosshousing groups
Significant group differences were observed for the two isomers (140 and 180 kDa) of NCAM, which play important roles in synaptic contacts and functions (30) , in both the cortex (n = 5, F 3,16 = 6.039, P<0.01 for the 180-kDa isomer; F 3,16 = 21.69, P<0.001 for the 140-kDa isomer) (Fig.  6C, E) and the hippocampus (n = 6, F 3,20 = 9.727, P<0.001 for the 180-kDa isomer; F 3,20 = 11.93, P<0.001 for the 140-kDa isomer) (Fig. 6D, F) . However, there were no significant group differences for 120-kDa NCAM immunoreactivity in both the cortex and the hippocampus (F 3,16 = 2.831, P = 0.0715 in the cortex; F 3,20 = 0.2363, P = 0.8700 in the hippocampus). Post-hoc analyses revealed that the EE group showed significantly higher levels of NCAM immunoreactivity than did the ES group (P<0.05 for 180-kDa NCAM; P<0.01 for 140-kDa NCAM), and that the SE group showed higher levels of NCAM immunoreactivity than did the SS group (P<0.05 for 180-kDa NCAM; P<0.01 for 140-kDa NCAM) in the cortex. The ES group showed significantly higher levels of both 180-and 140-kDa NCAM immunoreactivity than did the SS group (P<0.05). However, there was no significant difference in immunoreactivity between the EE and SE groups for both NCAM isomers. In the hippocampus, the EE group showed higher immunoreactivity levels than did the SE group for both NCAM isomers (P<0.05). The ES group showed higher 180-and 140-kDa NCAM immunoreactivity levels than did the SS group (P<0.01). The SE group also showed higher levels of NCAM immunoreactivity than did the SS group (P<0.01 for 180-kDa NCAM; P<0.05 for 140-kDa NCAM). However, there was no significant difference in levels of NCAM immunoreactivity between the EE and ES groups for both 180-and 140-kDa isomers.
We also found significant group differences in SYP immunoreactivity in both the cortex (n = 5, F 3,16 = 9.754, P<0.001) (Fig. 6G, I ) and the hippocampus (n = 7, F 3,24 = 4.244, P<0.05) (Fig. 6H,  J) . A post-hoc analysis revealed that the EE group showed significantly higher levels of SYP immunoreactivity than did the ES group (P<0.05) and that the SE group showed higher immunoreactivity levels than did the SS group (P<0.05) in the cortex. The EE group showed higher levels than did the SE group (P<0.05). The ES group appeared to show higher levels than did the SS group, but this difference was not significant. Similarly in the hippocampus, the SE group showed significantly higher SYP immunoreactivity than did the SS group (P<0.05), and the EE group seemed to show higher immunoreactivity than did the ES group. In addition, the ES group showed higher levels of SYP immunoreactivity than did the SS group (P<0.05), and EE group appeared to show higher immunoreactivity than did the SE group.
Effects of pre-and postnatal environments on expression of BDNF in cross-housing groups
Significant group differences in BDNF protein levels were observed in the cortex (F 3,56 = 5.851, P<0.01) (Fig. 6K ) and in the hippocampus (F 3,76 = 3.181, P<0.05) (Fig. 6L) . Post-hoc analysis revealed that the EE group showed significantly increased BDNF levels in the cortex compared with the ES or SS group (P<0.05, ES; P<0.001, SS). The BDNF level of the SE group was significantly increased compared with that of the SS group (P<0.01). There was no significant difference between the EE and SE groups and between the ES and SS groups. In the hippocampus, the EE group showed significantly increased BDNF levels compared with the ES, SE, or SS groups (P<0.05). There was no significant difference between the SE and SS groups and between the ES and SS groups.
DISCUSSION
This study demonstrates that pre-or postnatal stress significantly impairs learning and memory performance, whereas a pre-or postnatal enriched environment enhances cognitive functions. These experience-dependent behavioral alterations appeared to be associated with neurogenesis or possible synaptic changes in the young adult brain. In particular, a longitudinal cross-housing study revealed that postnatal environment could attenuate the effects of prenatal conditions on cognitive function and synaptic structural changes ( Table 2 ). The observed alterations in the brain may partially underlie the behavioral changes in the Morris water maze and Y-maze.
Cell proliferation and experience-dependent cognitive alteration
Several studies have identified a number of regulators of cell proliferation such as glucocorticoids (1), stress (4, 11, 36) , estrogen (37) , and enriched environment (8) , which induce cognitive alterations in adulthood (3). Our results showed that prenatal stress diminished production of progenitor cells in the GCL and impaired learning and memory. Conversely, a preor postnatal enriched environment increased dentate gyrus granule cell precursor proliferation and improved cognitive function. Vallee et al. (38) demonstrated that early environmental experience during the perinatal period did not affect cognitive ability in adult offspring, which suggests that early prenatal handling seems insufficient for altering cognitive status in adulthood. In contrast, the present results strongly suggest that prenatal or postnatal stress causes deficient learning and memory in adulthood and that prenatal or postnatal environmental enrichment enhances learning and memory in adulthood if normal environmental conditions are maintained during the pre-or postnatal period. In particular, postnatal enriched living conditions induced relatively more BrdU-positive cells double-labeled for a neuronal marker, which can be interpreted as a survival-promoting effect on cells that are committed to a neuronal lineage. Postnatal enriched housing could have an alternative effect on the differentiation of progeny of the dividing progenitor cells by influencing mechanisms that determine cell fate (8) . In addition, we report here for the first time that a prenatal enriched environment also affects cell proliferation. These data suggest that newly generated cells became putative neurons in the adult hippocampus that were shaped by environmental experience.
Indeed, recent studies have revealed that the new hippocampal cells can mature into functional neurons. Embryonic hippocampal progenitors can develop neuronal electrophysiological properties and form functional synapses in culture (39) . Adult hippocampal progenitors also give rise to antigenically typical, functionally appropriate neurons in vitro (40) . van Praag et al. (12) recently reported that newly generated cells in the adult hippocampus have neuronal morphology and display passive membrane properties, action potentials, and functional synaptic inputs similar to those found in mature dentate gyrus granule cells in vivo. These newly generated neurons are not only affected by the formation of a hippocampal dependent-memory but also participate in it (13).
Although it remains to be determined how these new functional neurons contribute to cognitive function modulated by experience, the continued addition of new neurons could allow restructuring of this area according to the current environment, thus providing important adaptive plasticity (3). The proliferation of progenitor cells and the subsequent developmental events such as dendritic growth, axon elongation, and synapse formation represent ongoing structural plasticity that may be altered by experiences (3, 13) . Consequently, these newborn cells may mediate synaptic plasticity and alter cognitive functions.
The new neurons may also be required to replace dying neurons (41) . Contrary to previous studies (4, 36), our study found that postnatal stress induced deficits in the learning and memory tasks but did not affect hippocampal cell proliferation. Actually, new neurons are also generated in the hippocampus after stroke (42) and seizures (43) , which suggests a compensatory adaptive response to neuronal or synaptic loss.
Synaptic structural changes and experience-dependent cognitive alteration
Experience-dependent cognitive alterations can be mediated through changes in synaptic properties. In our study, experience-dependent synaptic structural alterations, which are often presented as changes in dendritic length, branching, and spine number (14) , were determined with both synaptic markers SYP and NCAM. SYP 1) is a synaptic vesicle protein, 2) acts as a specific marker of presynaptic terminals, and 3) is involved in neuronal transmission. Thus, the level of SYP protein is used as an index of synaptic numbers and density and indirectly of neuronal transmission (32, 33) . NCAM content is also known as a reliable index of synaptic density (30) . Functionally, NCAM plays a pivotal role in neuronal development, regeneration, and synaptic plasticity associated with learning and memory consolidation in the adult, as it mediates synaptic stabilization and strength (29, 31) .
Similar to the findings for the behavioral changes, pre-or postnatal enriched environment increased the expression of NCAM and SYP, whereas pre-or postnatal stress appeared to reduce the expression of both synaptic markers. These synaptic structural changes induced by environmental manipulations were found in the cortex as well as in the hippocampus. These data indicate that environmental experiences during the pre-or postnatal period induce morphological and/or structural changes in the adult brain and furthermore suggest that the level of synaptogenesis or synaptic survival according to pre-or postnatal experience could contribute to experience-related functional effects through regulation of neurotransmitter release, synaptic stabilization, and strength.
BDNF expression and experience-dependent cognitive alteration
BDNF has been shown to play diverse roles in modulating the structure and function of the brain (44, 45) . BDNF regulates dendritic and axonal morphology and affects synaptogenesis and synaptic transmission (44) (45) (46) . In turn, BDNF has been reported to be an attractive candidate that translates experience-dependent neuronal activity into structural and functional changes in neuronal populations under stressful or enriched conditions (47, 48) .
BDNF has also been suggested to play an essential role in the acquisition, as well as retention and/or recall, of spatial memory. BDNF enhances long-term potentiation, in a cellular model for learning and memory, in the hippocampus (49) . Antisense BDNF treatment resulted in severe impairment in reference and working memory formation, which was accompanied by a reduction of BDNF mRNA and protein levels (50) . We found that levels of BDNF expression in the cortex and the hippocampus were consistent with behavioral alterations in learning and memory tasks, as well as SYP and NCAM immunoreactivity. Although a direct relationship between these findings should be studied further, BDNF may partially contribute to experience-dependent cognitive alterations by mediating structural and/or functional plasticity of the adult brain.
In experiment 1, the enrichment condition had a beneficial role in the learning and memory, cell proliferation, and synaptic density, but stressful conditions had a negative impact on these parameters. Moreover, behavioral, cellular, and molecular changes induced by prenatal or postnatal stress or enrichment conditions were manifested after birth if normal environmental conditions were maintained during the pre-or postnatal period.
Combined effects of pre-and postnatal environments: cross-housing study
Our longitudinal cross-housing study revealed that environmental conditions during the postnatal period, regardless of prenatal conditions, significantly affect learning and memory during performance of the Y-maze test. We also confirmed the dominant effects of postnatal environment in a water maze learning session, even though we observed some effect of prenatal environment on learning ability. Taken together, these results indicate that the effects of prenatal environment on cognitive function can be significantly attenuated by postnatal environment.
The dominant effects of postnatal environments were found for synaptic density in the adult brain. The dominant effects on synaptic structural changes appeared to be more apparent in the cortex than in the hippocampus, which is consistent with the effects of postnatal enriched housing after prenatal alcohol exposure (51, 52) . Although additional research is needed, the postnatal environment is likely to be more crucial for permanent memory storage associated with the cortical network (53, 54) . We also found that the behavioral alterations appeared to be consistent with BDNF expression in cross-housing groups. This result is consistent with the observation of Nibuya et al. (55) , who found that long-term antidepressant treatment completely blocked stress-induced down-regulation of BDNF expression. Taken together, these data allow us to propose a pathophysiological pathway in which the dominant effect of postnatal environment over prenatal manipulations on spatial learning and memory may result from synaptic plasticity partially mediated by BDNF. Additional study is needed to clarify these roles.
In humans, offspring of mothers experiencing stress during pregnancy were reported to display long-term behavioral abnormalities (56) . Experimental animal models have shown that prenatal stress has longlasting effects on cognitive function of adult offspring throughout the entire life of the animals, by inducing structural and morphological changes in the brain (11, 16) . Our results, however, show that these detrimental effects of prenatal stress can be counteracted by enriched housing after birth, which indicates that postnatal environmental manipulation can correct some cognitive impairments induced by prenatal stress. We also found that an enriched environment during pregnancy enhanced the learning and memory of adult offspring in the water maze, which suggests some protective effects of prenatal enriched housing on cognitive deficits induced by postnatal stress. These beneficial effects were also attenuated by postnatal stress, which suggests that prenatal care is necessary for adequate brain functioning but may be greatly modified by postnatal conditions. The major general impact of our data lies in the dominance of the postnatal environment in terms of learning and memory of the adult offspring and structural and morphological changes in the young adult brain.
In conclusion, we provide two novel findings: 1) either prenatal or postnatal stress or an enriched environmental condition affects learning and memory ability and some brain functions in adult life; and 2) postnatal stress or an enriched environment could greatly influence the effects of prenatal stress or an enriched environmental condition. cortex (A, C, E, G) and the   hippocampus (B, D, F, H). C, D, G, H) Quantitative data for the Western immunoblot analysis are presented as OD unit measures (means ± SE, n = 6 per group). *P < 0.05, **P < 0.01 vs. the CC group, by post-hoc analysis. Four rats per group were used (15-20 plates per rat). Data are presented as amount of protein (pg of BDNF/ µg of total protein, means ± SE). *P < 0.05, **P < 0.01, vs. the CC group, by post-hoc analysis. Data are presented as the percentage of correct alternation to total arm entries (means ± SE, n = 10 or 11 per group). *P < 0.05, **P < 0.01 vs. EE group; # P < 0.05 vs. SS group, by post-hoc analysis. B) Spatial learning and memory in the Morris water maze. Data are presented as latency (means ± SE, in seconds, n = 7 or 8 per group) to find the platform during 5 consecutive days of testing. *P < 0.05, **P < 0.01 EE group vs. ES group; # P < 0.05 EE group vs. SE group; P < 0.05, P < 0.01 EE group vs. SS group; P < 0.05 ES group vs. SS group; P < 0.05 SE group vs. SS group, by post-hoc analysis. No differences in the average swim speed were observed at any time point. C-J) Western immunoblot analysis of NCAM (C, D) and SYP (G, H) in the cortex (C, E, G, I) and the hippocampus (D, F, H, J) of the cross-housing groups (n = 6 per group). E, F, I, J) Quantitative data for the Western immunoblot analysis are presented as OD unit measures (means ± SE). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the EE group; #P < 0.05, ##P < 0.01 vs. the SS group, by post-hoc analysis. K, L) BDNF protein expression levels in the cortex (K) and in the hippocampus (L) of the cross-housing groups as assessed by ELISA. Four rats per group were used (15-20 plates per rat). Data are presented as amount of protein (pg of BDNF/µg of total protein, means ± SE). *P < 0.05, ***P < 0.001 vs. the EE group; ## P < 0.01 vs. the SS group, by post-hoc analysis.
